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Abstract 
 

The )*tion*l Wusion Goll*/or*tory focuses on 
en*/ling fusion scientists to eCplore <rid c*p*/ilities 
in support of eCperi=ent*l science@ Wusion eCperi=ents 
*re structured *s * series of pl*s=* pulses initi*ted 
roughly eRery ;5 =inutes@ 2n the /etMeen-pulse 
interR*ls scientists perfor= d*t* *n*lysis *nd discuss 
results to re*ch decisions *ffecting ch*nges to the neCt 
pl*s=* pulse@ This inter*ction c*n /e =*de =ore 
efficient /y perfor=ing =ore *n*lysis *nd eng*ging 
=ore eCpertise fro= * geogr*phic*lly distri/uted te*= 
of scientists *nd resources@ 2n this p*per1 Me descri/e 
* Rirtu*l control roo= eCperi=ent th*t unites 
coll*/or*tiRe1 Risu*liX*tion1 *nd <rid technologies to 
proRide such enRiron=ent *nd shoMs hoM their 
co=/ined effect c*n *dR*nce eCperi=ent*l science@ Ye 
*lso report on Wusion<rid serRices Mhose use during 
the fusion eCperi=ent*l cycle /ec*=e possi/le for the 
first ti=e th*nPs to this technology@ Ye *lso descri/e 
the "ccess <rid1 eCperi=ent*l d*t* present*tion tools1 
*nd *gree=ent-/*sed resource =*n*ge=ent *nd 
MorPfloM syste=s en*/ling ti=e-/ounded end-to-end 
*pplic*tion eCecution@ The first Rirtu*l control roo= 
eCperi=ent represented * =ocP-up of * re=ote 
inter*ction Mith the F222-F control roo= *nd M*s 
presented *t EG57 *nd l*ter reRieMed *t *n 
intern*tion*l 2TIJ <rid YorPshop@  

 
1. Introduction 
 

CKL.CH%H9K2%; G?9J: %?$ KM .?KN$2 N%;C$ HK H&$ 
:89$2H9M98 8KLLC29H'. T&$ N%H9K2%; FC:9K2 
CK;;%=K?%HK?' PNFCQ R1( 2S &%: =$2$M9H$J M?KL G?9J 
8%.%=9;9H9$: =' %;;KT923 H&$ %JK.H9K2 KM H&$ %..;98%H9K2 
:$?N98$ .?KN9J$? PASPQ LKJ$; :K H&%H 8KJ$: 8%2 =$ 
:&%?$J =' L$L=$?: KM % N9?HC%; K?3%29U%H9K2 PVOQ R3S 
%: ?$LKH$;' %88$::9=;$ 2$HTK?/ :$?N98$:. NFC( %: T$;; 
%: KH&$? 8KLLC29H9$:( 9: =$2$M9H923 M?KL G?9J HKK;: 
J$N$;K.$J MK? ?$:KC?8$ L%2%3$L$2H( J%H% 
L%2%3$L$2H( %2J H?%2:.K?H( :$8C?9H'( %2J 92MK?L%H9K2 
:$?N98$:. A;H&KC3& H&$ $X9:H923 92M?%:H?C8HC?$ TK?/: 
T$;;( %JJ9H9K2%; 8%.%=9;9H9$: LC:H =$ J$N$;K.$J HK 
$2%=;$ G?9J 8KL.CH923 HK H%/$ K2 %2KH&$? 8&%;;$23$Y 
9L.;$L$2H923 92H$?%8H9K2: MK? $X.$?9L$2H%; :89$28$.  

L$N$?%3923 G?9J 8%.%=9;9H9$: MK? $X.$?9L$2H%; 
:89$28$: .K:$: C29ZC$ 8&%;;$23$:. FK? $X%L.;$( HK 
%::9:H 92 %2 K23K923 $X.$?9L$2H( T$ 2$$J HK M92J T%': 
KM J$;9N$?923 ?$:C;H:( :C8& %: H9L$-8?9H98%; $X$8CH9K2 92 
H&$ G?9J:( T9H&92 .?KL9:$J ZC%;9H' KM :$?N98$ P1KSQ. 
T&9: H%:/ 92NK;N$: ?$:K;N923 9::C$: KM 8K2H?K; KN$? 
?$:KC?8$: :&%?$J =' LK?$ K? ;$:: 8K2H?K;;$J 
8KLLC29H9$: %: T$;; %: M92J923 T%': HK J$%; T9H& 
C28$?H%92H' %2J J'2%L98 =$&%N9K?: %;T%': .?$:$2H 92 % 
J9:H?9=CH$J $2N9?K2L$2H. NK ;$:: 9L.K?H%2H 9: H&$ 9::C$ 
KM .?KN9J923 :%H9:M%8HK?' 8KLLC298%H9K2 =$HT$$2 
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J9:H?9=CH$J .%?H989.%2H:. I2 M%8H( HK J?%L%H98%;;' 
9L.?KN$ H&$ $MM989$28' KM $X.$?9L$2H%; :89$28$:( T$ 
2$$J HK 8KL=92$ G?9J 8KL.CH923 T9H& 8K;;%=K?%H9K2 
H$8&2K;K39$: :C8& %: H&$ A88$:: G?9J PAGQ %2J 
%..;98%H9K2 :&%?923. T&$ 8KL=92%H9K2 KM H&$:$ 
H$8&2K;K39$: 92HK % C29M9$J :89$2H9M98 ?$:$%?8& 
$2N9?K2L$2H .K:$: C29ZC$ 8&%;;$23$: =CH 8?$%H$: H&$ 
.K::9=9;9H9$: KM &93& ?$T%?J 92 H&$ MK?L KM 928?$%:$J 
$MM989$28' KM $X.$?9L$2H:. 

I2 H&9: .%.$?( T$ J$:8?9=$ % N9?HC%; 8K2H?K; ?KKL 
$X.$?9L$2H H&%H C29H$: 8K;;%=K?%H9N$( N9:C%;9U%H9K2( %2J 
G?9J H$8&2K;K39$: %2J :&KT: &KT H&$9? 8KL=92$J 
$MM$8H 8%2 %JN%28$ $X.$?9L$2H%; :89$28$. W$ J9:8C:: 
%JN%28$: 92 H$8&2K;K3' J?9N$2 =' H&$ N%H9K2%; FC:9K2 
CK;;%=K?%HK?' H&%H L%J$ 9H .K::9=;$. S.$89M98%;;'( T$ 
J$:8?9=$ H&$ AG( $X.$?9L$2H%; J%H% .?$:$2H%H9K2 HKK;: 
%2J %3?$$L$2H-=%:$J ?$:KC?8$ L%2%3$L$2H %2J 
TK?/M;KT :':H$L: $2%=;923 H9L$-=KC2J$J $2J-HK-$2J 
%..;98%H9K2 $X$8CH9K2.  I2 %JJ9H9K2( T$ ?$.K?H K2 MC:9K2 
:$?N98$: T&K:$ C:$ JC?923 MC:9K2 $X.$?9L$2H%; 8'8;$ 
=$8%L$ .K::9=;$ MK? H&$ M9?:H H9L$ H&%2/: HK H&9: 
H$8&2K;K3' %2J J9:8C:: 9H: .KH$2H9%; MCHC?$ 9L.%8H K2 
MC:9K2 :89$28$.  

T&9: .%.$? 9: K?3%29U$J %: MK;;KT:. S$8H9K2 2 
J$:8?9=$: H&$ 2%HC?$ KM MC:9K2 $X.$?9L$2H: %2J 
LKH9N%H$: H&$ N9:9K2 KM % N9?HC%; 8K2H?K; ?KKL. S$8H9K2 
3 J$:8?9=$: KC? 9L.;$L$2H%H9K2 KM % N9?HC%; 8K2H?K; 
?KKL %: %2 $X.$?9L$2H 92 8K;;%=K?%H9N$ :89$28$. 
S$8H9K2 4 J$:8?9=$: H&$ H$8&2K;K3' H&%H T%: J$N$;K.$J 
HK L%/$ H&9: N9:9K2 .K::9=;$( J9:8C::$: 9H: L$?9H: %2J 
.K92H: HK %?$%: KM MCHC?$ 3?KTH&. W$ 8K28;CJ$ 92 
S$8H9K2 ] T9H& % =?9$M J9:8C::9K2 KM MCHC?$ TK?/. 
 
2. Setting the Stage: Interactions within the 
Control Room and Their Requirements 
 

M%32$H98 MC:9K2 $X.$?9L$2H: K.$?%H$ 92 % .C;:$J 
LKJ$. I2 %2' 39N$2 J%'( 2]^3] .;%:L% .C;:$: %?$ H%/$2 
T9H& %..?KX9L%H$;' 1_ HK 2_ L92CH$: =$HT$$2 $%8& 
`1_-:$8K2J .C;:$. FK? $N$?' .;%:L% .C;:$( C. HK 
1_(___ :$.%?%H$ L$%:C?$L$2H: N$?:C: H9L$ %?$ 
%8ZC9?$J %H :%L.;$ ?%H$: M?KL /HU HK MHU( 
?$.?$:$2H923 %=KCH % 393%='H$ KM J%H%. T&?KC3&KCH H&$ 
$X.$?9L$2H%; :$::9K2( &%?JT%?$a:KMHT%?$ .;%:L% 
8K2H?K; %JbC:HL$2H: %?$ L%J$ %: ?$ZC9?$J =' H&$ 
$X.$?9L$2H%; :89$28$. T&$:$ %JbC:HL$2H: %?$ J$=%H$J 
%2J J9:8C::$J %LK23 H&$ $X.$?9L$2H%; H$%L. D$89:9K2: 
MK? 8&%23$: HK H&$ 2$XH .C;:$ %?$ 92MK?L$J =' J%H% 

%2%;':9: 8K2JC8H$J T9H&92 H&$ ?KC3&;' 2_-L92CH$ 
=$HT$$2-.C;:$ 92H$?N%;.  

D%H% %2%;':9: HK :C..K?H $X.$?9L$2H%; K.$?%H9K2: 
928;CJ$: =$HT$$2 .C;:$ %2%;':9: KM ?%T %8ZC9?$J J%H% 
%: T$;; %: H&$ L$?3923 KM 2CL$?KC: J%H% :KC?8$: MK? 
T&K;$-J$N98$ :9LC;%H9K2 KM H&$ $X.$?9L$2H%; .;%:L%. 
R$:C;H: KM LK?$ J$H%9;$J( 8KL.CH%H9K2%;;' J$L%2J923 
.?$J98H9N$ :9LC;%H9K2:( 8%??9$J KCH JC?923 H&$ .;%22923 
.&%:$ .?9K? HK H&$ $X.$?9L$2H( %?$ L%J$ %N%9;%=;$ MK? 
8KL.%?9:K2 HK H&$ %8HC%; $X.$?9L$2H%; ?$:C;H: 92 ?$%; 
H9L$. 

T&9: LKJ$ KM K.$?%H9K2 .;%8$: % ;%?3$ .?$L9CL K2 
?%.9J J%H% %2%;':9: H&%H 8%2 =$ %::9L9;%H$J 92 2$%?-?$%; 
H9L$. T&$ $X.$?9L$2H%; :89$28$ 8%2 =$ L%J$ LK?$ 
$MM989$2H =' .C:&923 H&$ =KC2J%?9$: 92 HTK J9?$8H9K2:. 
F9?:H( =' ?C22923 8KJ$: K2 3$K3?%.&98%;;' J9:.$?:$J 
?$:KC?8$: T$ 8%2 928?$%:$ H&$ %LKC2H %2J J$H%9; KM 
=KH& %2%;':9: %2J :9LC;%H9K2 ?$:C;H:. S$8K2J( =' 
=?923923 92 $X.$?H9:$ M?KL 3$K3?%.&98%;;' ?$LKH$ 
H$%L: KM $X.$?H:( T$ 8%2 928?$%:$ H&$ J$.H& KM 
92H$?.?$H%H9K2 %2J 9L.?KN$ H&$ %::9L9;%H9K2 KM H&K:$ 
?$:C;H:. CKL.CH%H9K2%; G?9J: KMM$? H&$ K..K?HC29H' HK 
JK =KH&c &KT$N$?( 2$T 8%.%=9;9H9$: 2$$J HK =$ 
J$N$;K.$J HK $2:C?$ H&$ 8KL.;$H9K2 KM H9L$-8?9H98%; 
$X$8CH9K2 T9H&92 H&$ %;;KHH$J H9L$ M?%L$ KM H&$ 
$X.$?9L$2H%; 8'8;$ %2J HK J$$.$2 H&$ :$2:$ KM .?$:$28$ 
:&%?$J T9H& ?$LKH$ $X.$?H:. I2 K?J$? HK =$ MC;;' 
MC28H9K2%;( H&$ 8K;;%=K?%H9N$ 8K2H?K; ?KKL ?$ZC9?$: P1Q 
:$8C?$J 8KL.CH%H9K2%; :$?N98$: H&%H 8%2 =$ :8&$JC;$J 
%: ?$ZC9?$J( P2Q H&$ %=9;9H' HK ?%.9J;' 8KL.%?$ 
$X.$?9L$2H%; J%H% T9H& :9LC;%H9K2 ?$:C;H:( P3Q % L$%2: 
HK $%:9;' :&%?$ 92J9N9JC%; ?$:C;H: T9H& H&$ 3?KC. =' 
LKN923 %..;98%H9K2 T92JKT: HK % :&%?$J J9:.;%'( %2J 
P4Q H&$ %=9;9H' MK? ?$LKH$ :89$2H9:H: HK =$ MC;;' $23%3$J 
92 $X.$?9L$2H%; K.$?%H9K2: H&?KC3& :&%?$J %CJ9K( 
N9J$K( %2J %..;98%H9K2:. 

 
3. 7irtual Control Room Experiment 
 

T&$ N9:9K2 KM H&$ N9?HC%; 8K2H?K; ?KKL T%: 
J$N$;K.$J 92 %2:T$? HK H&$ ?$ZC9?$L$2H: J9:8C::$J 
%=KN$. W$ J$N$;K.$J % .?KHKH'.$ 9L.;$L$2H%H9K2 KM 
H&$ ?$ZC9?$J MC28H9K2%;9H' %2J 8K2JC8H$J % LK8/-C. 
:9LC;%H9K2 KM H&$ 8K2H?K; ?KKL 92H$?%8H9K2: %: %2 
$X.$?9L$2H 92 8K;;%=K?%H9N$ :89$28$. T&$ 92H$?%8H9K2: 
92NK;N$J ?$LKH$ 8KJ$:( ?$:KC?8$:( %2J :89$2H9M98 H$%L: 
92 H&$ $X.$?9L$2H. T&$ $X.$?9L$2H T%: J$LK2:H?%H$J 
%H SC_3. T&$ 92H$?%8H9K2: %?$ J$.98H$J 92 F93C?$ 1 %2J 
J$:8?9=$J =$;KT.

 



 
F"#$%& 1) SC,3 &./&%"0&12) 23& 4"%2$56 7812%86 %880 "12&%572"81 7976& 

 
 
OMM:9H$ 8K;;%=K?%HK?: PSC M;KK?( P&K$29XQ bK92$J 92 % 

LK8/C. KM % DIII^D $X.$?9L$2H R4S ;K8%H$J 92 S%2 
D9$3K. AG H$8&2K;K3' %;;KT$J MK? :&%?$J %CJ9K %2J 
N9J$K %: T$;; %: :&%?$J %..;98%H9K2:. T&$ KMM:9H$ 
8K;;%=K?%HK?: 8KC;J &$%? DIII-D %22KC28$L$2H: M?KL 
=KH& H&$ :89$2H9:H %2J $2392$$? 92 8&%?3$( %: T$;; %: :$$ 
N9% % W$= 92H$?M%8$ H&$ :H%H$ KM H&$ .C;:$ 8'8;$ %2J H&$ 
:H%HC: KM J%H% %8ZC9:9H9K2 %2J =$HT$$2 .C;:$ J%H% 
%2%;':9:. T&$ MC:9K2 N9:C%;9U%H9K2 %..;98%H9K2 
R$N9$TP;C: R]S T%: :&%?$J =$HT$$2 H&$ HTK :9H$:( 
%;;KT923 MK? bK92H :89$2H9M98 $X.;K?%H9K2. B$HT$$2-.C;:$ 
J%H% %2%;':9: KM H&$ .;%:L% :&%.$ PEFIT RdS ?C22923 %H 
PPPLQ T%: 8K2JC8H$J K2 FC:9K2G?9J H&?KC3& % 
8KL.CH%H9K2%; ?$:$?N%H9K2 :':H$L H&%H 3C%?%2H$$J % 
:.$89M98 %2%;':9: HK =$ 8KL.;$H$J T9H&92 % :$H H9L$ 
T92JKT. AJJ9H9K2%;;'( H&$ TRANSP ReS :$?N98$ T%: 
?C2 %H PPPL MK? H&$ M9?:H H9L$ =$HT$$2 .C;:$:( 39N923 
H&$ :89$2H9:H: J%H% H&%H T%: .?$N9KC:;' %N%9;%=;$ K2;' 
%MH$? H&$ $X.$?9L$2H%; J%' &%J $2J$J. T&$ KMM:9H$ H$%L 
L$L=$?: T$?$ %=;$ HK 8K;;%=K?%H$ LK?$ $MM989$2H;' =' 
=$923 %=;$ HK :&%?$ H&$9? .$?:K2%; J9:.;%' T9H& H&$ 
?KKLf: :&%?$J J9:.;%'. T&9: 8%.%=9;9H' %;;KT$J 
N9:C%;9U%H9K2: HK =$ $MM989$2H;' 8KL.%?$J MK? J$=%H$ 
=$MK?$ ?$.K?H923 ?$:C;H: =%8/ HK H&$ DIII-D 8K2H?K; 
?KKL. T&$ ?$:C;H: KM H&9: J$LK2:H?%H9K2 %2J H&$ 
M$$J=%8/ M?KL MC:9K2 :89$2H9:H: &%: &$;.$J :&%?.$2 H&$ 

?$ZC9?$L$2H: MK? % H?C;' 8K;;%=K?%H9N$ 8K2H?K; ?KKL MK? 
MC:9K2 $X.$?9L$2H:. 
 
4. Technology behind the Control Room 
 

T&9: :$8H9K2 J$:8?9=$: H&$ H$8&2K;K3' C:$J HK 
9L.;$L$2H H&$ 92H$?%8H9K2: 92 H&$ 8K2H?K; ?KKL.  
 
4.1. Interactions over the Access Grid 
 

W9H& H&$ 3K%; KM :&KT923 % LK8/C. KM HK/%L%/ 
$X.$?9L$2H%; K.$?%H9K2( T$ T$?$ H?'923 HK 9;;C:H?%H$ 
&KT % ?$LKH$ :89$2H9:H 8KC;J .%?H989.%H$ MC;;' 92 H&$ 
$X.$?9L$2H T9H&KCH %8HC%;;' =$923 %H H&$ $X.$?9L$2H%; 
M%89;9H'. T&$ A88$:: G?9J T%: C:$J HK 39N$ H&$ ?$LKH$ 
:89$2H9:H H&$ M$$;923 KM =$923 .%?H KM H&$ 8K2H?K; ?KKL %H 
% J9:H%28$. T&$ A88$:: G?9J 9: %2 $2:$L=;$ KM 2$HTK?/( 
8KL.CH923( %2J 92H$?%8H9K2 ?$:KC?8$: H&%H :C..K?H 
3?KC.-HK-3?KC. &CL%2 92H$?%8H9K2 %8?K:: H&$ G?9J R8S. 
IH 8K2:9:H: KM ;%?3$-MK?L%H LC;H9L$J9% J9:.;%':( 
.?$:$2H%H9K2 %2J 92H$?%8H9N$ :KMHT%?$ $2N9?K2L$2H:( 
92H$?M%8$: HK G?9J L9JJ;$T%?$( %2J 92H$?M%8$: HK ?$LKH$ 
N9:C%;9U%H9K2 $2N9?K2L$2H:. A88$:: G?9J 2KJ$: %?$ 
J$.;K'$J 92HK hJ$:932$J :.%8$:i H&%H $X.;989H;' :C..K?H 
H&$ &93&-$2J %CJ9K %2J N9:C%; H$8&2K;K3' 2$$J$J HK 
.?KN9J$ % &93&-ZC%;9H' 8KL.$;;923 %2J .?KJC8H9N$ C:$? 



$X.$?9$28$ RjS. A88$:: G?9J 2KJ$: %?$ 8K22$8H$J N9% 
H&$ &93&-:.$$J I2H$?2$H( H'.98%;;' C:923 LC;H98%:H N9J$K 
%2J %CJ9K :H?$%L:. 

F9?:H %2J MK?$LK:H H&$ A88$:: G?9J $2%=;$J H&$ 
?$LKH$ :89$2H9:H HK H%;/ HK %2J :$$ H&$ 8K2H?K; ?KKL %H 
GA( $2%=;923 H&$ ?$LKH$ :89$2H9:H HK %:/ ZC$:H9K2: KM 
H&$ K.$?%HK?: H&$?$ %: T$;; %: :$$ T&%H T%: 3K923 K2 92 
H&$ 8K2H?K; ?KKL %: 9H T%: &%..$2923. T&9: 8KC;J 2$N$? 
=$ %8&9$N$J T9H& bC:H % H$;$.&K2$ 8%;;. HKT$N$?( H&$?$ 
9: :H9;; :KL$ 2$$J MK? LK?$ M92$-3?%92$J 92H$?%8H9K2. 
R$LKH$ :89$2H9:H: JK 2KH %;T%': 2$$J HK 8KLLC298%H$ 
T9H& H&$ T&K;$ 8K2H?K; ?KKL. I2:H$%J( H&$' L93&H 2$$J 
HK 8KK?J92%H$ T9H& K2;' K2$ K? HTK :89$2H9:H: T&K %?$ 
TK?/923 92 H&$9? :.$89%;9U$J M9$;J. CC??$2H;'( H&$ 
8K2H?K; ?KKL %CJ9K 9: KM H&$ T&K;$ ?KKL. W&%H H&%H 
L$%2: 9: H&%H $N$?'K2$ 92 H&$ 8K2H?K; ?KKL 8%2 =$ 
&$%?J =' H&$ ?$LKH$ :89$2H9:H %2J $N$?'K2$ 92 H&$ 
8K2H?K; ?KKL &$%?: H&$ ?$LKH$ :89$2H9:H. A: % MCHC?$ 
$MMK?H %9L$J %H H&$ :.$89M98 2$$J: KM H&$ 8K2H?K; ?KKL 
:8$2%?9K( H&$ A88$:: G?9J H$%L: 9: TK?/923 HK $2%=;$ 
LC;H9.;$ %CJ9K :H?$%L: T9H&92 %2 A88$:: G?9J :$::9K2c 
%;;KT923 K2$-HK-K2$ 8KLLC298%H9K2 =$HT$$2 % ?$LKH$ 
.%?H989.%2H %2J % 8K2H?K; ?KKL K.$?%HK? K? K.$?%HK?:.  

U:923 % :$H KM W$=-=%:$J :8?9.H:( ?$LKH$ :89$2H9:H: 
T$?$ %=;$ HK :$$ H&$ :H%H$ KM H&$ .C;:$ 8'8;$( &KT LC8& 
H9L$ T%: ;$MH =$MK?$ H&$ 2$XH .C;:$( %2J T&%H J%H% &%J 
=$$2 %8ZC9?$J M?KL H&$ 8C??$2H .C;:$. B$8%C:$ KM H&$ 
:&K?H H9L$ M?%L$ KM $%8& .C;:$( 9H 9: 8?C89%; MK? H&$ 
?$LKH$ :89$2H9:H: HK 3$H H&9: 92MK?L%H9K2 %: :KK2 %: 9Hf: 
%N%9;%=;$ :K H&%H H&$' 8%2 .?K8$:: 9H %2J :C33$:H %2' 
8&%23$: 92 .%?%L$H$?: MK? H&$ 2$XH .C;:$. O2 H&$ SC_3 
:&KT M;KK? T9H&92 H&$ ANL =KKH& % H$L.K?%?' AG 
2KJ$ T%: =C9;H H&%H &%J H&?$$ ]_i .;%:L% :8?$$2: %: % 
J9:.;%' :C?M%8$. T&9: .?KN9J$J C: T9H& % 3KKJ %LKC2H 
KM :8?$$2 ?$%; $:H%H$. HKT$N$?( L%2' ?$LKH$ :89$2H9:H: 
T9;; 2KH &%N$ H&$ ;CXC?' KM H&$:$ %2J L93&H &%N$ K2;' 2 
K? 3 LCD K? CRT LK29HK?:. T&%H L$%2: H&%H %;; KM H&9: 
92MK?L%H9K2 2$$J: HK =$ .?$:$2H$J 8;$%?;' =CH %;:K C:$ 
%: ;9HH;$ :8?$$2 ?$%; $:H%H$ %: .K::9=;$ :K H&$ :89$2H9:H 
8%2 :H9;; $MM$8H9N$;' JK ?$:$%?8& T9H&KCH M$$;923 
8?%L.$J %2J 8;CHH$?$J. I2:H$%J KM C:923 LC;H9.;$ W$= 
.%3$: HK J9:.;%' %;; KM H&9:( %2 $%:9;' 8?$%H$J 8C:HKL 
%..;98%H9K2 2$$J: HK =$ 8?$%H$J H&%H &%: LK?$ ?$%; 
$:H%H$-M?9$2J;' UI C:923 H%=: %2J 2$:H$J T92JKT:. T&9: 
%..;98%H9K2 :&KC;J %;:K C:$ H&$ A88$:: G?9J HKK;/9H HK 
.?KN9J$ % :$8C?$ 92MK?L%H9K2 8&%22$; %: T$;; %: % T%' 
KM $%:9;' JCL.923 J%H% 8K;;$8H$J 92HK H&$ AG N$2C$. 

A: H&$ J%H% 9: 3%H&$?$J 92HK H&$ MDSP;C: R1_S 
:':H$L( H&$ ?$LKH$ :89$2H9:H T%: %=;$ HK K.$2 :H%2J%?J 
J%H% .?K8$::923 %2J N9$T923 %..;98%H9K2: :C8& %: 
R$N9$TP;C: K? EFIT N9$T$? HK :H%?H H&$ %2%;'U923 
.?K8$::. O28$ ?$LKH$ :89$2H9:H 9J$2H9M9$J J%H% .K92H: KM 
92H$?$:H( H&$' T$?$ %=;$ HK hT%?.i H&$ %..;98%H9K2 HK % 
?$39K2 H&%H T%: :&%?$J =$HT$$2 A88$:: G?9J 2KJ$ %2J 

H&$ 8K2H?K; ?KKL. T&9: %?$% 8%2 =$ :$$2 %2J 92H$?%8H$J 
T9H& =' =KH& .%?H9$:. T&9: /92J KM 92H$?%8H9K2 9: % &C3$ 
;$%. MK?T%?J M?KL H&$ .?$:$2H :9HC%H9K2 T&$?$ H&$ 
:89$2H9:H 8%;;: H&$ 8K2H?K; ?KKL K2 H&$ H$;$.&K2$ %2J 
J$:8?9=$: T&%H &$ K? :&$ 9: 92H$?$:H$J 92 HK H&$ K.$?%HK?. 
VNC 9: C:$J HK &%2J;$ H&$ ?$LKH$ J$:/HK. :&%?923. A2 
%8H9N$ %?$% KM TK?/ MK? H&$ FC:9K2 CK;;%=K?%HK?' 
P?Kb$8H 9: =$HH$? 92H$3?%H9K2 KM H&$ :&%?$J J$:/HK. 92HK 
H&$ A88$:: G?9J %?8&9H$8HC?$ %2J %JN%28$ VNC MK? 
=$HH$? 8KL.?$::9K2 HK $2%=;$ $N$2 H&$ :;KT$:H 
.%?H989.%2H: HK M$$; ;9/$ H&$'f?$ ;K8%; HK H&$ 8K2H?K; 
?KKL. 
 
4.2. Experimental Data Presentation 
 

P?9K? HK J$M92923 H&$ 8K;;%=K?%H9N$ 8K2H?K; ?KKL %2J 
.?$:$2H923 H&$ SC_3 J$LK2:H?%H9K2( % 8K;;%=K?%H9N$ 
$X.$?9L$2H T%: 8K2JC8H$J =$HT$$2 % ?$LKH$ :89$2H9:H 
%H MIT %2J H&$ DIII-D 8K2H?K; ?KKL. U:923 %2 AG 
2KJ$ %2J VNC MK? :&%?923 %..;98%H9K2:( H&$ ?$LKH$ 
MIT :89$2H9:H H?9$J HK $MM$8H9N$;' .%?H989.%H$ T9H& % ;9N$ 
DIII-D $X.$?9L$2H. W&%H T%: ;$%?2$J M?KL H&9: 
$X.$?9L$2H T%: H&%H 8K22$8H923 K2;' N9% H&$ AG 2KJ$ 
9: 2KH :CMM989$2H. I2 %JJ9H9K2 HK N9J$K %2J %CJ9K M?KL 
H&$ %8HC%; 8K2H?K; ?KKL( %;; ?$%;-H9L$ J%H% H&%H 9: 
J9:.;%'$J H&$?$ 2$$J: HK =$ L%J$ %N%9;%=;$ 92 ?$%; H9L$ 
HK KMM-:9H$ .%?H989.%2H:. A: % ?$:C;H( H&9: 92MK?L%H9K2 &%: 
2KT =$$2 L%J$ %N%9;%=;$ H&?KC3& % W$= 92H$?M%8$ HK 
?$LKH$ .%?H989.%2H:. T&$ HK/%L%/ 8K2H?K; 8KL.CH$? &%: 
H&$ .C;:$ 8'8;$ 92MK?L%H9K2 %2J .;%:L% 8K2H?K; 
.%?%L$H$?:. A: 9H :$2J: H&$ 92MK?L%H9K2 HK H&$ ;%?3$ 
LED J9:.;%' 92 H&$ 8K2H?K; ?KKL( 9H %;:K T?9H$: H&$ 
:%L$ J%H% J9?$8H;' HK % W$= :$?N$? H&%H .%?:$: H&$L 
92HK % MK?L%H :C9H%=;$ MK? J9:.;%' K2 H&$ W$= .%3$. T&$ 
W$= 8;9$2H 8&$8/: T9H& H&$ T$= :$?N$? .$?9KJ98%;;' %2J 
C.J%H$: H&$ :H%HC: %88K?J923;'. I29H9%; .%?%L$H$?: 
928;CJ$ .C;:$ 2CL=$?( .C;:$ H'.$( :H%H$ 92J98%H923 
T&$?$ 92 % .C;:$ 8'8;$( ?$ZC$:H$J L%32$H98 M9$;J( 
?$ZC$:H$J .;%:L% 8C??$2H( %2J 8KC2HJKT2 9M %..;98%=;$ 
HK H&$ :H%H$. I2H$3?%H$J 92 H&$ :%L$ J9:.;%' 9: % ZC98/ 
N9$T KM H&$ J%H% %8ZC9:9H9K2 %2J %2%;':9: :H%HC:.  
W&$2$N$? % 3?KC. KM J%H% =$8KL$: %N%9;%=;$( H&$ 
8K??$:.K2J923 92J98%HK? 8&%23$: 8K;K?.  T&$ :H%HC:$: 
%?$ L%J$ %N%9;%=;$ =' H&$ MDS.;C: $N$2H :':H$L H&%H 
J?9N$: H&$ %2%;':9: 8'8;$.    

T&$ J$H%9;$J J%H% %2%;':9: :H%HC: 928;CJ923 $N$?' 
:H%3$ KM .%?H98C;%? %2%;':$: %2J M%C;H J$H$8H9K2: 8%2 =$ 
H?%8/$J 92 ?$%; H9L$ C:923 H&$ D%H% A2%;':9: MK29HK? 
PDAMQ R11S.  T&$ LK29HK?923 :':H$L C:$: B%N% S$?N;$H 
H$8&2K;K3' HK %88$.H 92MK?L%H9K2 M?KL %2 HTTP .K:H 
?$ZC$:H( T&98& %;;KT: H&$ C:$? 92H$?M%8$ HK =$ .?KN9J$J 
%: %2 $%:'-HK-C:$ W$= .%3$. W&$2 H&$ LK29HK?923 
:':H$L ?$8$9N$: % 2$T .K:H( 9H J'2%L98%;;' 8?$%H$: H&$ 
HTML %2J %CHKL%H98%;;' C.J%H$: H&$ C:$? 8;9$2H: N9% 



:$?N$? .C:&.  T&$ LK29HK?923 :':H$L 9: %;:K =C9;H T9H& 
H&$ B%N% EX.$?H S':H$L S&$;;( B$:: R12S. B$:: 9: % ?C;$:-
=%:$J $X.$?H :':H$L :&$;; H&%H CH9;9U$: H&$ C L%23C%3$ 
I2H$3?%H$J P?KJC8H9K2 S':H$L( CLIPS R13S( 92 K?J$? HK 
J$M92$ % :$H KM ?C;$:.  E%8& M%8H H&%H 9: .K:H$J HK H&$ 
LK29HK?923 :':H$L 8%2 H&$2 =$ $N%;C%H$J =' H&$ ?C;$: 
J$M92$J 92 CLIPS. T&9: .?KN9J$: H&$ LK29HK?923 :':H$L 
T9H& ?$%:K2923 8%.%=9;9H9$:. T&$ MC28H9K2%;9H' $2%=;$: % 
T9J$ ?%23$ KM 8C:HKL J$:932 HK =$ JK2$ T9H& H&$ 
LK29HK?( :C8& %: 8C:HKL9U$J $??K? J$H$8H9K2. I2 
%JJ9H9K2( H&$ M%8H: =$923 J$8;%?$J %?$ ;K33$J HK % 
?$;%H9K2%; J%H%=%:$ C:923 B%N%f: BDBC %2J S'=%:$f: 
J=;9= 8;9$2H.  T&$ 92MK?L%H9K2 2KH K2;' %;;KT: MK? 
KN$?N9$T $N%;C%H9K2 KM LK29HK?$J ?$:KC?8$: =CH %;:K 
$2%=;$: H&$ LK29HK? HK ?$8KN$? 92MK?L%H9K2 T&$2$N$? 
H&$ :$?N;$H 9: ?$929H9%;9U$J( H&$?$=' 39N923 H&$ 
%JL929:H?%HK? H&$ %=9;9H' HK ?$8KN$? K? C.J%H$ H&$ 
LK29HK?923 :':H$L T9H&KCH ;K:923 92MK?L%H9K2.  

AH .?$:$2H %H DIII-D( % M$T :9L.;$ .;%:L% 
T%N$MK?L: M?KL H&$ .;%:L% 8K2H?K; :':H$L %?$ 
J9:.;%'$J 92 ?$%; H9L$ 92 H&$ 8K2H?K; ?KKL.  U.K2 
8KL.;$H9K2 KM H&$ .C;:$( H&$:$ :932%;: %?$ 9LL$J9%H$;' 
%N%9;%=;$ 92 MDS.;C:.  A N9:C%;9U%H9K2 HKK; ?$H?9$N$: 
H&$ $X%8H :932%;:( 3$2$?%H$: %2 9L%3$ %2J L%/$: 9H 
%N%9;%=;$ K2 H&$ W$= :$?N$?.  T&$ 9L.;$L$2H%H9K2 
L%/$: H&$ :932%;: %N%9;%=;$ K2 H&$ W$= 92 % ZC%:9-?$%;-
H9L$ M%:&9K2.  A;H$?2%H9N$;'( H&$ :%L$ .;%:L% 8K2H?K; 
:932%;: 8%2 =$ L%J$ %N%9;%=;$ HK ?$LKH$ .%?H989.%2H: 92 
?$%; H9L$ =' h?$M;$8H923i T&%H 9: J9:.;%'$J 92 H&$ 
8K2H?K; ?KKL. T&$ h?$M;$8H923i 8%2 =$ %88KL.;9:&$J 
T9H& VNC.  T&9: ?$ZC9?$: :$.%?%H$ &%?JT%?$ ;$:H H&$ 
VNC :$?N$? L%' 92H$?M$?$ T9H& H&$ .$?MK?L%28$ KM H&$ 
.;%:L% 8K2H?K; :':H$L. 

FC?H&$?LK?$( C:$?: &%N$ %88$:: HK H&$ KN$?N9$T %2J 
:CLL%?' 92MK?L%H9K2 KM H&$ $X.$?9L$2H: KM H&$ J%' 
M?KL % W$= 92H$?M%8$.  IH &%: ;92/: HK H&$ .?K.K:%;: KM 
H&$ $X.$?9L$2H:.  IH J9:.;%': H&$ :CLL%?' .%?%L$H$?:( 
H&$ 8K2H$2H: KM H&$ $;$8H?K298 ;K3 =KK/ H&%H ?$8K?J: H&$ 
:H%HC: 8KLL$2H: L%J$ =' 8&9$M K.$?%HK?( H&$ 8KLL$2H: 
M?KL H&$ :89$2H9:H: T&K ;$%J H&$ $X.$?9L$2H:( %2J :K K2. 
 
4.3. Agreement-based Between-Pulse Execution 
System 
 

A3?$$L$2H:-=%:$J 92H$?%8H9K2: $2%=;$ 2$3KH9%H9K2 
$2%=;$ 2$3KH9%H9K2 %..?K%8& HK ?$:KC?8$ %2J :$?N98$ 
L%2%3$L$2H R14-1dS.  T&$ 2$3KH9%H9K2 .?K8$:: 8%2 =$ 
N9$T$J %: % J9:8KN$?' .&%:$ 92 T&98& 8;9$2H: %2J 
.?KN9J$?: ?$.?$:$2H H&$9? 2$$J: %2J 8%.%=9;9H9$: HK $%8& 
KH&$?. T&9: .&%:$ $2J: T&$2 =KH& :9J$: 8KLL9H. A 
8KLL9HH$J %3?$$L$2H 8%2 =$ N9$T$J %: % 
8K28?$H9U%H9K2 KM C:$ .K;98' ?$.?$:$2H923 % ?$;%H9K2:&9. 
=$HT$$2 % 8;9$2H %2J % .?KN9J$?. F?KL H&$ .?KN9J$?: 

.$?:.$8H9N$( %2 %3?$$L$2H ?$.?$:$2H: %2 %J%.H%H9K2 %2J 
K.H9L9U%H9K2 H%?3$Hc M?KL H&$ 8;9$2Hf: 9H ?$.?$:$2H: % 
MK?L KM 3C%?%2H$$ H&%H MCHC?$ :$?N98$: T9;; &%..$2 %: 
?$ZC9?$J %2J T&$2 ?$ZC9?$J. T&9: LKJ$ KM 92H$?%8H9K2 
&%: &93& .KH$2H9%; MK? ?$:K;N923 .?K=;$L: KM 
.?KN9:9K2923 92 G?9J 8KL.CH923 %2J &%: ?$8$9N$J LC8& 
92H$?$:H ;%H$;'c % WS-A3?$$L$2H J?%MH :.$89M98%H9K2 RjS 
9: 8C??$2H;' C2J$? J9:8C::9K2 %H H&$ GRAAP TK?/923 
3?KC. KM H&$ GGF.  

A88K?J923 HK H&$ :.$89M98%H9K2( %3?$$L$2H: %?$ 
?$.?$:$2H$J %: G?9J :$?N98$: R1eSY H&$' %?$ 8?$%H$J =' 
M%8HK?9$:( :C=b$8H HK :KMH-:H%H$ ;9M$H9L$ L%2%3$L$2H( 
%2J $2%=;$ %88$:: HK :H%H$  $X.K:$J %: S$?N98$ D%H% 
E;$L$2H: PSDE:Q. I2 .%?H98C;%?( K2$ KM H&$ SDE: 
$X.K:$: H&$ %3?$$L$2H H$?L:. T&K:$ H$?L: %?$ %::CL$J 
HK =$ JKL%92-:.$89M98 %: 2$$J$J MK? ?$:KC?8$ 
=?K/$?923( J%H% H?%2:M$? K? %..;98%H9K2-:.$89M98 
8K2:H?C8H:. O28$ 8?$%H$J =%:$J K2 % :$H KM 929H9%; H$?L:( 
%2 %3?$$L$2H 9: :C=b$8H HK 2$3KH9%H9K2 =$HT$$2 8;9$2H 
%2J .?KN9J$? H9;; =KH& .%?H9$: 8KLL9H. C;%9L923 %2 
%3?$$L$2H 92NK;N$: .$?MK?L923 H&$ .?KL9:$J %8H9K2: 
$9H&$? =' 8?$%H923 %2 %..;98%H9K2 :$?N98$ K? =' 
92M;C$28923 $N$2H: %;?$%J' 92 .?K3?$::. 

W$ 9L.;$L$2H$J %3?$$L$2H-=%:$J 92H$?%8H9K2: 92 
G;K=C: TKK;/9H 3 PGT3Q HK $2%=;$ MC:9K2 :89$2H9:H: HK 
2$3KH9%H$ $2J-HK-$2J 3C%?%2H$$: K2 $X$8CH9K2 KM 
?$LKH$ 8KJ$: =$HT$$2 H&$ $X.$?9L$2H%; .C;:$:. W&9;$ 
KC? 9L.;$L$2H%H9K2 92M;C$28$J( %2J T%: 92M;C$28$J ='( 
WS-A3?$$L$2H R1dS( KC? C:$ 8%:$ J9J 2KH ?$ZC9?$ % MC;; 
9L.;$L$2H%H9K2 KM 9H. W$ %JK.H$J % :9L.;9M9$J 
2$3KH9%H9K2 %2J 8KLL9HL$2H LKJ$; %2J MK8C:$J K2 
J$M92923 H$?L: %2J MC28H9K2%;9H' ?$ZC9?$J =' KC? 
%..;98%H9K2 %2J .?%8H98%; $X.$?9$28$: T9H& H&$ :':H$L. 

I2 KC? :':H$L( % 8;9$2H 8%2 L%/$ %3?$$L$2H: MK? 
MKC? /92J: KM :$?N98$:Y CPU ?$:$?N%H9K2( bK= $X$8CH9K2( 
J%H% H?%2:M$?( %2J % TK?/M;KT :$?N98$ H&%H 8KK?J92%H$: 
H&$:$ :$?N98$: HK .?KN9J$ $2J-HK-$2J $X$8CH9K2. T&$ 
CPU ?$:$?N%H9K2 :$?N98$ C:$: %..?K%8& :9L9;%? HK 
GARA R18S C:923 DSRT RdS HK ?$:$?N$ %2J ;%H$? 8;%9L 
% CPU :;98$. T&$ bK= $X$8CH9K2 :$?N98$ J$.$2J: K2 H&$ 
CPU ?$:$?N%H9K2 %2J L%/$: %3?$$L$2H: KM bK= 
$X$8CH9K2 H9L$ =%:$J K2 .?$J98H9K2 ?$;'923 K2 &9:HK?' 
KM .?$N9KC: ?C2: %2J ?$:KC?8$: %N%9;%=;$ %: .$? H&$ 
CPU ?$:$?N%H9K2. A3?$$L$2H: MK? bK= $X$8CH9K2 %?$ 
8;%9L$J C:923 GT3f: GRAM bK= $X$8CH9K2 :$?N98$. 
T&$ J%H% H?%2:M$? :$?N98$ 9: 9L.;$L$2H$J C:923 GT3f: 
?$;9%=;$ M9;$ H?%2:M$? :$?N98$ PRFTQ R1jS( %2J 9H: 
%3?$$L$2H: MK? J%H% H?%2:M$? H9L$: ;9/$T9:$ J$.$2J K2 
.?$J98H9K2. T&$ TK?/M;KT :$?N98$ 8KL=92$: H&$ 
.?Kb$8H$J $X$8CH9K2 %2J J%H% H?%2:M$? H9L$: HK .?KN9J$ 
%2 $2J-HK-$2J $X$8CH9K2 H9L$.  

T&$ %3?$$L$2H-=%:$J 2$3KH9%H9K2: %?$ C:$J 92 H&$ 
N9?HC%; 8K2H?K; ?KKL %: MK;;KT:. B$MK?$ H&$ $X.$?9L$2H 
:H%?H:( % :89$2H9:H 2$3KH9%H$: H&$ $2J-HK-$2J H9L$ MK? % 



?$LKH$ $X$8CH9K2 KM % MC:9K2 :$?N98$( :C8& %: EFIT. 
T&$ $2J-C:$? 2$3KH9%H9K2 9: 8K2JC8H$J T9H& H&$ 
TK?/M;KT :$?N98$( T&98& 92 HC?2 2$3KH9%H$: $X$8CH9K2 
H9L$: T9H& :C=:9J9%?' :$?N98$: :C8& %: J%H% H?%2:M$? %2J 
bK= $X$8CH9K2. T&$ CPU ?$:$?N%H9K2: %?$ L%J$ %: 
2$$J$J =' H&$ bK= $X$8CH9K2 :$?N98$. B' HC2923 H&$ 
%?3CL$2H: 92 H&$ :$?N98$ J$:8?9.H9K2 KM EFIT( :C8& %: 
H&$ 2CL=$? KM H9L$:H$.: MK? T&98& H&$ .?K3?%L T9;; 
$X$8CH$( H&$ C:$? 8%2 $MM$8H H?%2:M$? %2J $X$8CH9K2 
H9L$: :K H&%H H&$:$ %3?$$L$2H: L%' &%N$ HK =$ 
?$2$3KH9%H$J. T&9: 8KL.;$X ?$2$3KH9%H9K2 T9H& LC;H9.;$ 
:$?N98$: 9: &%2J;$J %CHKL%H98%;;' =' H&$ TK?/M;KT 
:$?N98$ %2J L%'( =CH 2$$J 2KH( =$ $X.K:$J HK H&$ C:$?. 
W&$2 %2 %88$.H%=;$ $X$8CH9K2 H9L$ 9: ?$%8&$J( H&$ 
$2J-C:$? 8KLL9H: %2J K=H%92: H&$ %3?$$L$2H &%2J;$( 
T&98& 9: H&$2 92H$3?%H$J T9H& :8?9.H: H?933$?923 
%CHKL%H98 %3?$$L$2H 8;%9L923 %2J $X$8CH9K2 KM H&$ 
?$ZC9:9H$ :$?N98$: JC?923 H&$ =$HT$$2-.C;:$ 
92H$?%8H9K2:.  

OC? :9L.;9M9$J 2$3KH9%H9K2 LKJ$; TK?/$J T$;; 92 
H&$ 8K2H$XH KM H&9: %..;98%H9K2. A;H&KC3& LK:H KM KC? 
h%3?$$L$2H:i %?$ %JN9:K?' PH&%H 9:( H&$ .?KN9J$? JK$: 
2KH %8HC%;;' 8KLL9H HK :.$89M98 %J%.H%H9K2 %2J KH&$? 
?$:KC?8$ L%2%3$L$2H %8H9K2:Q( H&$' :H9;; =$2$M9H H&$ 
:89$2H9:H( T&K JK$: 2KH &%N$ HK L%2C%;;' $X.$?9L$2H 
T9H& ZC%2H9H9$: MK? ?$LKH$ $X$8CH9K2 92 %2 $2N9?K2L$2H 
L%J$ LK?$ 8KL.;$X =' H&$ C:$ KM G?9J:. MK?$KN$?( H&$ 
C:$ KM %3?$$L$2H: .?$:$2H: % M?%L$TK?/ MK? =C9;J923 
C. H&$ ?$:KC?8$ L%2%3$L$2H 8%.%=9;9H9$: ?$ZC9?$J HK 
.?KN9J$ :H?K23$? 3C%?%2H$$: MK? =$HT$$2-.C;:$ 
$X$8CH9K2. AH H&$ :%L$ H9L$( K2$ KM H&$ 8K28;C:9K2: 
.?KL.H$J =' H&9: $X.$?9L$2H 9: H&%H %2' %3?$$L$2H: MK? 
92H$?%8H9K2 92 H&$ G?9J T9;; ?$ZC9?$ % T$;;-J$M92$J :$H 
KM 3C%?%2H$$:. E:.$89%;;' 92 % :9HC%H9K2 T&$?$ T$ 
8%22KH ?$;' K2 .?9K? ?$:$?N%H9K2 %8H9K2:( :C8& %: 9: H&$ 
8%:$ T9H& J%H% H?%2:M$? KN$? H&$ I2H$?2$H( H&K:$ 
3C%?%2H$$: &%N$ HK =$ :H?K23;' ZC%2H9M9$J. FK? H&9: 
?$%:K2( T$ 92H?KJC8$J ;$N$;: KM 8K2M9J$28$( LKJ$;$J %: 
.?$J98H9K2 $??K?:( K? % T$93&H$J 8KL=92%H9K2 KM $??K?: 
92 H&$ TK?/M;KT 8%:$ %2J T$ %?$ 8C??$2H;' H?'923 HK 
3$2$?%;9U$ H&9: 8K28$.H 92 J9:8C::9K2: K2 WS-
A3?$$L$2H.  

 
4.4. Computational Services 
 

TK %::$:: H&$ .?K3?$:: KM H&$ $X.$?9L$2H( MC:9K2 
:89$2H9:H: ?C2 %2%;':9: %2J :9LC;%H9K2 8KJ$: JC?923 H&$ 
=$HT$$2-.C;:$ .$?9KJ. T&$ 8K?$ %2%;':9: 8KJ$ 9: H&$ 
L%32$HK&'J?KJ'2%L98: PMHDQ $ZC9;9=?9CL M9HH923 
8KJ$ EFIT R2_S( M9?:H J$N$;K.$J 92 1j8] HK .$?MK?L 
L%32$H98 %2J K.H9K2%;;' /92$H98-L%32$H98 %2%;':$: MK? 
DKC=;$H III( H&$ .?$J$8$::K? HK DIII-D. IH T%: ;%H$? 
%J%.H$J MK? H&$ DIII-D N%H9K2%; FC:9K2 F%89;9H' %2J 

L%2' KH&$? HK/%L%/: %?KC2J H&$ TK?;J.  IH 9: T?9HH$2 92 
FORTRAN %2J H?%2:;%H$: L$%:C?$L$2H: M?KL .;%:L% 
J9%32K:H98:( :C8& %: $XH$?2%; L%32$H98 .?K=$:( $XH$?2%; 
.K;K9J%; M;CX ;KK.:( %2J H&$ LKH9K2%; :H%?/ $MM$8H( 92HK 
C:$MC; 92MK?L%H9K2 :C8& %: .;%:L% 3$KL$H?'( :HK?$J 
$2$?3'( %2J .;%:L% 8C??$2H .?KM9;$:. 

T&$ N9?HC%; 8K2H?K; ?KKL $X.$?9L$2H ;$N$?%3$J 
%88$:: HK ?$LKH$ 8KJ$: %2J ?$:KC?8$: $2%=;$J =' H&$ 
C:$ KM G?9J: HK 928;CJ$ ?C2: KM H&$ TRANSP 8KJ$ MK? 
H&$ M9?:H H9L$ 92 % MC:9K2 $X.$?9L$2H. T&$ =$HT$$2-
.C;:$ TRANSP %2%;':9: &%: HTK L%92 =$2$M9H: MK? H&$ 
$X.$?9L$2H%; .&':989:HY P1Q N%;9J%H9K2 KM .;%:L% 
J9%32K:H98 L$%:C?$L$2H:( %2J P2Q ZC98/ %::$::L$2H KM 
.;%:L% .$?MK?L%28$.  TRANSP L%/$: J9?$8H C:$ KM 
.;%:L% L$%:C?$L$2H: T&$?$N$? .K::9=;$c 9H H&$2 
:9LC;%H$: $X.$8H$J :932%;: MK? .;%:L% J9%32K:H98: H&%H 
8%22KH =$ C:$J J9?$8H;'.  FK? $X%L.;$( H'.98%;;'( 
.?KM9;$: KM H$L.$?%HC?$: %2J J$2:9H9$: KM H&$ L%92 
H&$?L%; .;%:L% :.$89$: %?$ %N%9;%=;$( =CH J$H%9;: KM H&$ 
N$;K89H' J9:H?9=CH9K2 KM :C.$?-H&$?L%; :.$89$: %?$ 2KH 
J9?$8H;' L$%:C?$J. T&$ HKH%; .;%:L% 2$CH?K2 
.?KJC8H9K2( %2 92J98%HK? KM H&$ HKH%; MC:9K2 ?$%8H9K2 
?%H$( 9: L$%:C?$J %2J J$.$2J: K2 H&$ :C.$?H&$?L%; 
J9:H?9=CH9K2.  B' C:923 H&$ L$%:C?$J H$L.$?%HC?$: %2J 
J$2:9H9$:( TRANSP 8%2 KMH$2 :9LC;%H$ H&$ :C.$?-
H&$?L%; J9:H?9=CH9K2 T9H& %88C?%8' :CMM989$2H HK L%H8& 
H&$ K=:$?N$J 2$CH?K2 ?%H$. HKT$N$?( H&$ L%H8& T9;; 
TK?/ K2;' 9M %;; H&$ 92.CH J%H% %?$ 8K??$8H. T&C:( M%9;C?$ 
HK L%H8& 8%2 =$ %2 $%?;' 92J98%HK? KM J9%32K:H98 
.?K=;$L:( T&98& 9M C2J$H$8H$J 8%2 8%C:$ H&$ J%'f: 
$X.$?9L$2H%; ?$:C;H: HK =$ ?$2J$?$J C2C:%=;$. IM H&$ 
L%H8& :C88$$J:( H&$2 TRANSPf: %::$::L$2H KM .;%:L% 
.$?MK?L%28$ 8%2 =$ C:$J T9H& 8K2M9J$28$. 

TRANSP ?$;9$: K2 H&$ L%..923 M?KL h?$%; :.%8$i 
8KK?J92%H$: HK hL%32$H98 M;CX :.%8$i 8KK?J92%H$: 
.$?MK?L$J =' EFIT %2J H&$?$MK?$ &%: HK MK;;KT EFIT 
$X$8CH9K2 92 H&$ 8'8;$ KM 8KJ$: ?C2 =$HT$$2 .C;:$:. 
T&9: .;%8$: MC?H&$? ;9L9H%H9K2 K2 H&$ %LKC2H KM H9L$ 
H&%H 8KC;J =$ =CJ3$H$J MK? H&K:$ 8KJ$:. T&C:( 92 
.?$.%?%H9K2 MK? H&$ $X.$?9L$2H( :9329M98%2H TK?/ T%: 
JK2$ HK ?$JC8$ TRANSP ?C2 .?KJC8H9K2 H9L$( H&?KC3& 
=KH& :KMHT%?$ %2J &%?JT%?$ 8&%23$:( HK %=KCH d 
L92CH$:( T&98& T%: MKC2J HK =$ %88$.H%=;$ MK? %2 
$X.$?9L$2H%; ?C2. T&$ %8HC%; TRANSP ?C2 $X$8CH9K2 
H9L$ T%: :;93&H;' KN$? 3 L92CH$:c H&$ =%;%28$ KM H&$ 
H9L$ T%: JC$ HK 2$HTK?/ J%H% H?%2:M$?:.  T&$:$ J%H% 
H?%2:M$? J$;%': T9;; =$ ?$JC8$J H&?KC3& MC?H&$? 
K.H9L9U%H9K2 KM H&$ :KMHT%?$. 

A: T%: J$LK2:H?%H$J %H SC_3( %2 I2H$?2$H-
%88$::9=;$ B%N%-=%:$J 3?%.&98%; LK29HK?923 HKK;( E;V9: 
R21S( 9: %N%9;%=;$ HK J9:.;%' ?$:C;H: M?KL ?$LKH$ 
:9LC;%H9K2: *s they *re co=puted. T&$ E;V9: 
LK29HK?923 2KH K2;' :&KT: H&%H H&$ ?$LKH$ 
8KL.CH%H9K2%; :$?N98$ 9: K.$?%H923c 9H %;:K %;;KT: :$;$8H 



?$:C;H: HK =$ L%J$ %N%9;%=;$ 92 H&$ 8K2H?K; ?KKL K? %H 
8K;;%=K?%HK? :9H$: $N$2 =$MK?$ H&$ ?C2 9: 8KL.;$H$J. 

I2 H&9: M9?:H %HH$L.H %2 %2%;':9: KM K2;' K2$ H9L$:;98$ 
KM H&$ $X.$?9L$2H%; J%H% T%: ?C2. I2 .?9289.;$ 9H TKC;J 
=$ =$:H HK ?C2 % MC;;' H9L$-J$.$2J$2H TRANSP 
:9LC;%H9K2. HKT$N$?( :C8& 8%;8C;%H9K2: 8%22KH =$ 
.%?%;;$;9U$J KN$? H9L$( %2J( H&$' ?$ZC9?$ MC;;' .?$.%?$J 
H9L$-J$.$2J$2H 92.CH J%H%:$H:( %2J .?KJC8$ MC;;' H9L$-
J$.$2J$2H KCH.CH J%H%:$H:lM%9?;' 8KL.;98%H$J K=b$8H: 
H&%H TKC;J =$ % 8&%;;$23$ HK J93$:H =$HT$$2 .C;:$: 
$N$2 9M %;; H$8&298%; =%??9$?: T$?$ KN$?8KL$. HKT$N$?( 
T$ 8%2 HK L%/$ % =$HH$? C:$ KM H&$ %88$:: HK 
8KL.CH%H9K2%; ?$:KC?8$: HK ?C2 2CL$?KC: P:%'( 1_^2_Q 
H9L$:;98$ :9LC;%H9K2:( %;; KM T&98& %?$ 92J$.$2J$2H %2J 
8KC;J =$ 8%??9$J KCH 92 .%?%;;$;. 
 
5. Conclusions and Future Work 
 

T&9: .?KHKH'.$ KM H&$ N9?HC%; 8K2H?K; ?KKL T%: 
J$LK2:H?%H$J %H H&$ SC_3 8K2M$?$28$ 92 NKN$L=$? 
2__3 %2J ;%H$? ?$N9$T$J %H %2 92H$?2%H9K2%; ITER G?9J 
WK?/:&K.. T&$ $X.$?9L$2H T%: T$;; ?$8$9N$J %2J T$ 
%?$ .;%22923 HK L%/$ %JbC:HL$2H: %2J 9L.?KN$L$2H: 
LKN923 HKT%?J H&$ MCHC?$ J$.;K'L$2H KM H&$ J$:8?9=$J 

92M?%:H?C8HC?$ 92 H&$ 8K2H?K; ?KKL. AH H&$ :%L$ H9L$( 
T$ %?$ %T%?$ H&%H LC8& ?$:$%?8& :H9;; 2$$J: HK =$ JK2$ 
HK 3$2$?%;9U$ H&$ J$N$;K.$J 92M?%:H?C8HC?$ %2J L%/$ 9H 
%..;98%=;$ HK LK?$ H&%2 % M9X$J 2CL=$? KM 8%:$:.  

T&$ U.S. .%?H989.%H9K2 92 ITER K.$2$J %2KH&$? 
8&%;;$23$ %2J %H H&$ :%L$ H9L$ %2 K..K?HC29H' HK C:$ 
:':H$L: :C8& %: J$:8?9=$J 92 H&9: .%.$?. W9H& %2 
92H$?2%H9K2%; $MMK?H HK =C9;J %2 $X.$?9L$2H%; M%89;9H'( 
8K;;%=K?%H9N$ C:$ KM H&9: M%89;9H' T9;; &%N$ HK MK;;KT. 
W$ %?$ &K.923 H&%H KC? TK?/ T9;; 8K2H?9=CH$ HK H&$ 
J$N$;K.L$2H KM %2 92H$?2%H9K2%;;' N9%=;$ LKJ$; MK? 
T9J$;' J9:H?9=CH$J 8K;;%=K?%H9K2:.  
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